While numerical analysis techniques, such as a finite element analysis and boundary element analysis, have been presented as an accurate tool for design and simulation of Switched Reluctance Motors, they do not give any method of a systematic design procedure with a minimum computational effort. Besides, They have not introduced any matching with the conventional design approaches used in classical machine design. This paper presents a systematic design procedure based on magnetic circuit analysis and standard proportion among motor parts to determine the motor dimensions. The proposed procedure is generally structured to run on personal computers to design and simulate any permissible specifications, in a few minutes. It has been shown that, for fast and more traditional design, no numerical techniques are needed, since the magnetic circuit analysis is more simple and complete in itself. The proposed program is not limited only to the motor iron and copper dimensions, but also estimates many of performance indices such as output power density, generalized power factor, losses and efficiency.
Number of rotor poles.
INTRODUCTION
Although SRMs are simple in construction they are difficult in design and analysis. These difficulties are summarized mainly in strong spatial and magnetic nonlinearities with many flexible design parameters, and interdependence on the design of the converter and control parameters. These difficulties and others accompanied with iron losses and thermal rating prediction make the design procedure of the motor difficult and specialized task. A variety of publications on the design of SRMs are available and provide a wealthy information regarding the design and construction of SR motors [1:10] . Some of these publications introduce general design considerations and some design equations [1:8] and others demonstrate the applications of computer aided design packages [9, 10] . The numerical analysis techniques and integrated design methodology, for SRM have been presented in many publications [11, 12] . It has been shown that, for quick and more traditional design, no numerical techniques are required, since the lumped parameter analysis is complete in itself [12, 13] . However, for more accurate calculations, numerical techniques can be used to confirm and improve the results of the analytical design work [13] . This paper differs from the previous papers, in the following aspects: ■ it presents a systematic routine for the complete motor dimension prediction;
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■ it requires only one human to computer operation until the solution is found and hence minimum time of execution. ■ the proposed program is written in Matlab and is generally structured to run on personal computers to design and simulate any permissible specifications, in a few minutes.
DESIGN APPROACH
In this paper, the design is an iterative procedure based on magnetic circuit analysis with approximate flux path calculations which provides fast design of many of the SRM dimensions. Also the design is based on the use of standard proportions and graphical relation among motor parts to determine the rest of dimensions. The static and dynamic simulations of the SRM are included as an integral part of the design procedure in order to predict the motor performance and make design verification.
Design Limitations
Fig . (1) shows the construction and main dimensions of SRM, and it is clear that a successful design brings out a compromise for space occupied by iron, copper, insulation and air. Actually, the designer must face the general design limitations in choosing the suitable amount and type of materials for the fabrication of the required machine parts. These limitations include the consumer requirements, the saturation level, the allowed temperature rise, the value of power factor, the efficiency and the mechanical design limitations. The most basic consumer requirements are the output power Pr, the base speed nr and the supply voltage V. Temperature rise, envelope dimensions, overload rating, level of protection and maximum noise level are examples of requirements and constraints that may be required [14] .
Stator pole coil 
Design Parameters
Some parameters such as, the number of phases q, number of stator poles m, number of rotor poles n, lamination stacking factor k st and conductor resistivity p with its temperature coefficient are usually chosen by the designer and assumed as fixed parameters. Other quasi-fixed parameters like, effective current density 8, saturating flux density B s are assumed constants with the permeability of minor changes in the iterative design method. Many parameters such as the outer stator diameter Do, and airgap length Ig, the stator and rotor pole widths ts, t, and the stator and rotor yoke widths ys, y, e.t.c. can be computed from the fixed and quasi-fixed parameters geometrically or by 'ratioing' from the main dimensions, starting from 'standard' proportions.
Choice of Parameters (i) Choice of the number of phases
From fault tolerance point of view, the fault tolerant motor must be a polyphase motor, and hence all single phase motors are rejected, and from reversible self starting point of view all single and two phase motors are rejected [15] . P. J. Lawrenson [1] explained that, from efficiency point of view, the number of phases must be kept as low as possible to decrease the switching frequency and hence decrease the iron losses. However, if a low speed application is being considered, the limitation imposed by frequency will be less effective and the designer has greater freedom in choice. In practice, the majority of motors have three or four phases, and it is rare to find motors with more than five phases.
(
ii) Choice of number of stator and rotor poles
The number of stator poles and rotor poles can be obtained as:
Where k is an even' number. It has been noted that in order to decrease the iron losses and increase the efficiency, the number of poles must be minimum especially in high speed applications, therefore k is usually taken as 2 to decrease the number of stator poles and hence decrease the number of rotor poles [ 1, 5 ] .
(iii) Choice of magnetic loading
The magnetic flux density B is relevant to the electromechanical power conversion process and basically, it is determined by, the maximum saturating flux density in the iron parts of the machine, the iron losses and the magnetizing current.
The maximum flux density in any part of the magnetic circuit must be less than the limiting saturation value of the used magnetic material. In a well-designed regular SRMs the maximum flux density occurs in the stator poles and it ranges from 1.8 to 2.5 Tesla dependingkon the used material [4] .
THE OUTPUT EQUATION AND MAIN DIMENSIONS

Output Equation
The output of a machine can be P= Co D2 L nr Where Co is the output coefficient, length and n, is the base speed.
(3) D is the outer rotor diameter, L is rotor axial related to its main dimensions and speed as :
References [10] and [16] explained that, it is easy to determine C. for an existing motor whose power, speed and rotor dimensions are known. For similar cooling, this value is often a convenient starting point for a new design of the same torque, even when the new motor is SRM and the old is conventional. In this section, The value of Co will be derived based on the unified approach of static torque production in saturated doubly salient machines [17, 18] . As shown in Fig 2, the maximum value of the change in coenergy W' (shaded area), as the magneto-motive force F tends to infinity, is equal to the triangular area obc. This yields to:
Where, p1 and p2 are the inear gap permeance functions in aligned and unaligned positions and the saturation ultimately limits the stator pole flux 0 to a value 0/ .The average torque T. can be expressed as [10] :
From equations (1) and (4) into equation (5) the maximum average torque T.' can be expressed as:
The ultimate stator pole flux 0, can be expressed as: 0/ = B 5 t5 L ks/ (7 ) Where B5 is the peak flux density set by the saturation limit of the stator pole, is is the stator pole width and ks, is the stacking factor. It is easy seen that the maximum value of the average torque
2. p" 7-, .r, _Lp, p, From the previous equation, the maximum average power in KW can be expressed as:
is the maximum value of the gap geometry function fl which is given by:
The maximum vale of f is about 0.025 which may be used to give a guide to the limiting value of output coefficient predicted by non-linear theory. The result, from equation (10) is:
4 s
Where Co ranges from 2.5 to 5 for Bs ranging from 1.75 to 2.5 Tesla.
In an actual machine, the real value of Co depends on the gap geometry, the saturation level, and the motor mechanical losses. So these effects can be expressed as the correction factor Cf multiplied by the value of C.'.
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The value of Cf ranges from less than 0.25 for unsaturated small machines and 0.7 for medium saturated machines to 0.98 for high saturated machines with optimum gap geometry which will be explained later. (ii) Peripheral speed Usually, the rotor critical speed imposes a limit on the rotor diameter D [10] , because if the rotor peripheral speed V,, is increased, the rotor may be destroyed due to increased centrifugabforce. The peripheral speed may be greater than 175 m/s for high speed SRMs incorporating amorphous iron [17] . However, the peripheral speed usually does not exceed 60 m/s for most normal SRMs.
(iii) Number of poles. It is advisable to increase the diameter of the machine which has large number of poles. This may be done to obtain sufficient room for the stator coils.
STATOR DESIGN EQUATIONS
The stator dimensions include the envelope dimensions, the internal and airgap stator radii and the slot and tooth dimensions. Many of these dimensions can be seen in Fig. 1.a. 
Airgap length and Airgap Stator Diameter
H. C. J. De Jong [20] explained that in the electric machines whose operation is based on permeance fluctuations, the airgap should be as small as mechanically acceptable for obtaining the best electromagnetic performance. Thus, to maximize the specific torque and minimize the volt-ampere requirements in the controller the, airgap length will depend on the mechanical influence only and may be taken as:
Where, D is the bore diameter measured in [mm] . This relation is restricted with a minimum value of 0.2 mm. Larger airgap length may be required with special types of bearings, which depend on the machine length. The airgap may be increased to decrease the unbalance magnetic pull, which arises from any small deflection or eccentricity of the rotor shaft.
The following relation may be proposed based on the relation of the airgap length of induction motors and may also be usefully used in SRMs:
The value of Ig usually exists between the two values computed by equations (14) and (15) . The airgap stator diameter Ds can be determined from the motor geometry as:
Envelope Dimensions
The envelope volume may be one of the consumer requirements and in this case the designer must satisfy this restriction in his design. When the envelope dimensions are not specified, it is easy to estimate them by standard scaling from the main dimensions. The simplest way t) estimate the outer stator diameter D, is from a typical or standard split ratio sr as:
The value of sr may vary over quite a wide range among 0.4 to 0.7, with most designs around 0.5 to 0.57 depending on the number of stator and rotor poles, and on the operating requirements [14] .
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The envelope length Le may be estimated as the stack length plus two end turn overhangs The overhang length can be approximated as 0.25 of the stator pole pitch, thus, the envelope length can be expressed as:
STATOR TOOTH AND SLOT DIMENSIONS 4.3.1 Tooth Dimensions
Both the stator pole arc a and the corresponding tooth width is require careful selection to satisfy the following conditions: (i) The stator pole arc must be greater or equal to the step angle to ensure adequate overlap between phases and hence ensure self starting at all rotor positions.
(ii) The stator pole arc must be less than the rotor interpolar arc p` to ensure angular clearance between the stator and rotor pole corners and hence ensure sufficiently low unaligned inductance Le [1, 14] . From above conditions a can be expressed as:
Where g is the rotor interpolar arc and /3 is the rotor pole arc. Once the stator pole arc has been chosen, the stator pole width can be determined as:
The optimum range for the stator pole arc per stator pole pitch changes according to the objective function. However, in order to optimize the motor performance generally the optimum value can be taken among 0.33 and 0.42 [8] . Stator yoke width ys Is a magnetic relational parameter. So, it can be determined by the solution of the magnetic circuit. The stator pole flux splits equally in both the stator and rotor back irons. Thus the back iron width must support one half of the stator pole flux. If the maximum flux density allowed in the back iron is B"78X , then the back iron width can be computed as:
The stator yoke represents the longest path for the magnetic flux, and therefore to decrease saturation and hence decrease the iron losses, we will take the stator back width as 0.55 to 0.75 of the stator pole width t s [5, 8, 14] . The stator pole height hsp can be computed as:
Where Ds; is the internal stator diameter, D, is the outer stator diameter and Ds is the airgap stator diameter. This value is exactly true for the trapezoidal pole with a rectangular slot shape.
Slot Dimensions
The slot dimensions are geometrical parameters so they can be computed from the basic stator dimensions. First, the slot depth d5 can be computed as a difference between the internal and airgap stator radii as: ds = 0.5 ( Ds; -Ds) (23) Second, the slot width at the top of the pole we, and the slot width at the bottom of the pole wsb can be computed as:
w sh = D, (°3 (25) 2 where, Os is the angular stator pole pitch in radians.
ROTOR DESIGN EQUATIONS 5.1 Shaft Diameter
For SRM, the weight of the salient structure armature is often less than that of the induction motor, and so, the shaft diameter may be taken as:
25.q ir 4 n for q _. 4
25 . :II for q 5 ns Although, for high power and high speed applications, the shaft diameter can be taken as that of induction motor.
Rotor Pole and Ybke Dimensions
The rotor pole arc fl and the corresponding tooth width tr require careful selection to satisfy the following conditions: (i) The rotor pole arc must be greater or equal to the step angle to ensure self starting of the motor at all rotor positions.
(ii) The rotor pole arc is preferred to be greater than the stator pole arc, this results in a region of constant inductance separating the positive and negative dUcle regions, which in turn provides additional time for the phase current to be completely turned off before the region of negative torque production, i.e.
13?__ a (27) In terms of Widths, tr should be greater than is by about 2/9 and the rotor pole width can be computed as:
The rotor yoke width yr is a magnetic relational parameter which is usually chosen to equalize flux densities in the rotor pole and the rotor yoke irons as:
I EP-4 1(1
The iotor pole height hip is a geometrical parameter which can be computed for the trapezoidal pole with a rectangular slot shape as:
where, Dr; is the internal rotor diameter.
DESIGN OF STATOR WINDING
In SRM, there are two types of coils: (i) Dropped in coils, with a maximum slot filling factor of 0.4.
(ii) Pushed through coils, in which the slot filling factor may be as low as 0.4 for small round conductors increasing to 0.75 for rectangular conductors.
Number of Turns
In this design approach, the design point is taken to produce the flat topped current waveform at minimum speed at which the full power is produced. According to this approach the back emf E is equal to the dc bus voltage V, the back emf E can be expressed as:
where Amax is the maximum aligned flux linkage and )"" in is the minimum or the unaligned flux linkage for the peak phase current. The value of k depends on the degree cf saturation and ranges from less than 0.1 for small unsaturated machines to about 0.5 or more for heavy saturated machines.
Conductor Area
The conductor area can be computed as:
R ,s ti Where, /Ras is the effective current per phase and 5 is the effective current density which ranges from 3 to 6 for totally enclosed natural cooling motors and from 7 to 10 for external self ventilation motors [14] . The effective phase current can be approximated as [6] :
(33)
Where, Im is the maximum flat current which can be computed from Ampere's circuital law at the aligned position. The total copper area per slot must satisfy a filling factor less or equal to the maximum filling factor.
DESIGN PROCEDURE RESULTS
In this section the proposed procedure is applied to design a small and fast motor. From the previous two tables, the increase in the specific output power and hence the decrease in the capital cost leads to a slightly decrease in the efficiency and slightly increase in the running cost. The decrease in efficiency in design 2 is due to the increase in the Magnetic and electric loading and hence the increase in the iron and copper losses. The change in ideal dynamic torque curves, linear phase inductance, actual dynamic torque curves and flux linkage are clear from Figures 3 to Fig. 6 . In Fig.4 , the increase of maximum inductance in design 2 is due to the increase in the number of turns per phase. In Fig.5 , negative torques existing in the actua; dynamic torque curves will not appear in the shaft and will be canceled with the positive torques of the other phase. 
CONCLUSION
The paper introduces a systematic design procedure of SRMs in a manner which is very similar to that used for the traditional machines. This design approach combines magnetic, graphical and relational parameters, in order to estimate the whole motor dimensions. Since, the geometrical parameters and the resulting change in the magnetic flux distribution are related analytically, it is therefore very simple to obtain a basic insight into the effect of various parameters on the magnetic field distribution without the need of many finite element analysis solutions. Finally, the proposed routine makes the design of the motor more popular to designers who are used to the design of conventional machines.
